Background/Aims: Changes in the external mechanical field result in cytoskeleton reorganization and the formation of adaptive patterns in different types of cells, including somatic cells and sex cells. The aim of this research was to study the protein and mRNA content of cytoskeletal and sperm-specific genes in the sperm and testis cells of mice. Methods: Mice were subjected to 30 days of antiorthostatic suspension to simulate weightlessness, followed by 12 h of recovery, while receiving essential phospholipids at a dosage of 500 mg/kg/day (30HSE and 30HSE+12h groups) or a similar dosage of a placebo (30HS and 30HS+12h groups). Accordingly, reference groups (CE group and C group) were formed. The total number and the percentage of motile spermatozoa were calculated using a Makler chamber. To analyze the number of viable spermatozoa and the permeability of their membranes, eosin staining was used as well as Diff-Quick for a morphological evaluation. Relative protein and mRNA content was estimated in a western blot and quantitative PCR assay, respectively. Results: The relative protein expression levels of actin (beta and gamma) and two alpha-actinin isoforms (1 and 4) remained constant in the sperm of all study groups, except for the 30HS+12h group, where the alpha-actinin-4 level was 13% higher than in the reference group (p < 0.1). In the testis cells, the relative actin isoform content was equivalent to that in the spermatozoa. However, in the testis cells, the ACTN1 mRNA content was 17% higher in the 30HS group than in the C group (p < 0.05), and decreased after 12 h of recovery. In contrast, the ACTN4 mRNA content was 20% lower in the 30HS group than in the reference group (p < 0.05) and increased after the 12-h recovery period. At the same time, in the group administered the essential phospholipids, the relative ACTN1 and ACTN4 mRNA content did not differ from those of the reference group. The relative beta-tubulin content was similar in the reference C group and the reference CE group, which was administered the essential phospholipids. In the 30HS and 30HS+12h groups, the beta-tubulin content decreased by 19% and 22% (p < 0.05), respectively, and they also decreased in the groups administered the essential phospholipids (30HSE and 30HSE+12h groups, by 27% and 33%, respectively, p < 0.05). In the testis tissue, the relative tubulin content did not change in any of the experimental groups. At the same time, the relative mRNA content of the genes encoding the studied cytoskeletal proteins increased, which may indicate the protein content was regulated mainly at the translational level. Conclusion: The spermogram parameters and the content of the sperm-specific proteins and the associated mRNAs revealed a decrease in the number of mature spermatozoa in mice suspended under conditions of weightlessness. Moreover, the decrease was prevented by the administration of essential phospholipids.
Introduction
The exploration of outer space is hampered not only by technical difficulties, but also by a number of medical problems, especially those associated with the negative effects of weightlessness, including issues at the cellular level. Nevertheless, the mechanisms underlying the interactions of a living cell with the physical field remain unclear.
In various types of cells that were cultured under the conditions of altered gravity, there are changes in the cellular profiles, disorganization of the microfilaments and sometimes the microtubules [1] [2] [3] [4] [5] [6] , and changes in the localization of the mitochondria [7] , which is determined by the state of the intermediate filaments. In addition, changes have been reported in the expression levels of genes encoding cytoskeletal proteins and their associated signaling cascade participants [8] [9] [10] [11] [12] [13] [14] . Moreover, when the effects of microgravity are simulated in mesenchymal stem cells, osteogenic differentiation is inhibited, and adipogenic differentiation is activated [9] [10] [11] [12] [13] [14] [15] , inhibiting the ability of embryonic stem cells to form embryoid bodies [16, 17] . Similar changes in the differentiation potential of stem cells under conditions of altered gravity may be associated with the reorganization of the cytoskeleton because its structures may participate in the selection of differentiation routes [18, 19] . Consequently, it can be assumed that the early stages of embryogenesis and gametogenesis, particularly in mammals, may be especially dependent on external mechanical conditions. Pregnant rats spent 5 days aboard the Soviet satellites Kosmos-1129 Kosmos- (1979 and Kosmos-1514 Kosmos- (1983 , and 11 days aboard the Space Shuttle during the second half of pregnancy in a joint experiment by Russian and American researchers (NIH-R1) (1994) . Anatomical changes were not detected in any of these experiments, but the flight group animals exhibited accelerated development of the thyroid and parathyroid glands, decreases in mitotic activity and the number of cells in the thymus, and changes in the nervous system compared with control group animals on the ground [20] [21] [22] [23] . It should be noted that rats are amniotic, and hence the development of embryos during the second half of pregnancy occurs in amniotic fluid, which can successfully dampen the changes in the external mechanical field. Additionally, the observed changes were associated with a change in the hormonal status of the females under the condition of weightlessness. When studying the early stages of development under the condition of weightlessness, mice were unable to become pregnant because pre-implanted embryos were aborted [24] , possibly because of a change in the structure of the sex cells.
Space flight conditions decrease the number of mature spermatozoa in the testes of rats [25] [26] [27] , indicating that the differentiation potential of precursor cells is changed, which decreases the efficiency of spermatogenesis [28] . Nevertheless, microgravity activates the cyclinB-cdc2 complex and the subsequent meiotic progression of isolated mouse spermatocytes from the mid-pachytene stage to the late-pachytene stage [29] . In sea urchin spermatozoa subjected to space flight conditions (STS-81, STS-84), phosphorylation of the FP130 protein, which is associated with the activation of mobility, occurs 3-4 times faster than under the condition of 1 g [30] .
The published data indicate that changes in gravity have significant effects on the structure of cells and the pattern of gene expression, with similar changes observed for cells in culture and in tissue. The results of our previous studies revealed the formation of an adaptive pattern of cytoskeletal proteins in the muscle cells of rats and mice under the conditions of real space flight, modeled microgravity, and hypergravity [31] [32] [33] [34] [35] . Moreover, we have successfully used lecithin to prevent some changes in the structure of the cytoskeleton of muscle cells in rats undergoing antiorthostatic suspension [36] .
At the same time, data on changes in male sex cells under microgravity conditions are very scarce. Therefore, we decided to evaluate the structure of the cytoskeleton of spermatozoa and, more generally, the testis cells of mice subjected to conditions simulating the effects of microgravity for a prolonged period. Mice were orally administered essential phospholipids to modify the membrane composition and, as a consequence, the structure of the cortical cytoskeleton.
Materials and Methods

Experimental design
The experiments were performed on the spermatozoa and testes of C57Black6/J mice (n = 42). To simulate microgravity, the standard Ilyin-Novikov model of antiorthostatic rodent suspension with the Moray-Holton modification was applied [37] . All animals received a standard rodent feed, and water was provided ad libitum. Half of the animals (n = 21) were randomly chosen to receive essential phospholipids in the form of Essentsiale ® Forte N (A. Nattermann and Cie. GmbH, Germany) at a dosage of 500 mg/kg/day for 10 days before the beginning of the experiment and for 30 days afterwards.
The following six groups were formed:
• C group (n = 7): reference group (mass = 28.2 ± 0.7 g);
• CE group (n = 7): reference group + essential phospholipids (mass = 28.4 ± 0.5 g);
• 30HS group (n = 7): suspension group (m = 26.1 ± 0.9 g); • 30HSE group (n = 7): suspension group + essential phospholipids (mass = 23.9 ± 0.9 g); • 30HS+12h group (n = 7): group with a 12-h recovery period after the 30-day suspension period (mass = 26.0 ± 0.6 g); • 30HSE+12h group (n = 7): group with a 12-h recovery period after the 30-day suspension period + essential phospholipids (mass = 25.2 ± 0.9 g).
After euthanizing the animals, the testes were extracted. The left testis was weighed and immediately frozen for subsequent protein and mRNA extractions. The caudal epididymis, from which the spermatozoa were extracted, was excised from the right testis.
All procedures with animals were approved by the Biomedical Ethics Committee of the State Scientific Center of the Russian Federation Institute of Biomedical Problems of the Russian Academy of Sciences (SSC RF-IMBP RAS; Protocol No. 425; June 20, 2016) .
Sperm extraction and analysis of their motility and morphology
Immediately after extraction, the epididymis was placed in 1 ml α-MEM medium with 10% bovine serum heated to 37°С. Then, it was ground and incubated on a shaker (Thermo Shaker PST-60HL-4, Biosan, South Korea) for 30 min at 37°С. The resulting suspended material was filtered through nylon filters with a mesh diameter of 70 μm. Some of the spermatozoa were frozen for subsequent protein and mRNA extractions. The motility and morphology of the remaining spermatozoa were analyzed.
To calculate the total number and the percentage of motile spermatozoa, a drop of the suspension was applied to a Makler chamber (Sefi Medical Instruments Ltd., Haifa, Israel) and observed in a phase-contrast microscope (Eclipse E200 MV, Nikon, Tokyo, Japan) with a magnification of 200× (Fig. 1A-F) . For each sample, the total number and the number of mobile spermatozoa in 100 squares of the Makler chamber were counted at least three times. To analyze the number of viable spermatozoa and the permeability of their membranes, eosin staining was used. The stained cells were considered not viable, and the unstained cells were deemed viable (Fig. 1G-L) . A minimum of 200 spermatozoa were studied for each sample under a light microscope with a magnification of 400×.
Spermatozoa smears were stained with Diff-Quick (Abris+, Moscow, Russia), which was used to determine the number of spermatozoa with normal morphology (Fig. 1M-R) . For each sample, a minimum of 200 cells with normal and abnormal morphologies were examined by light microscopy with a magnification of 1, 000×. On the basis of an earlier investigation by Gohari et al. [38] , a morphological disorder was defined as any abnormality in sperm appearance or the head, tail, and remaining cytoplasmic residues. The average numbers of viable spermatozoa and spermatozoa with normal morphology were calculated as percentages.
Determination of protein content based on gel electrophoresis followed by immunoblotting Proteins were extracted from frozen sperm and testis tissue. Cells and tissues were homogenized in Laemmli buffer containing a protease inhibitor cocktail (Calbiochem, San Diego, CA). Denaturing electrophoresis on polyacrylamide gels was performed using the Laemmli method (Bio-Rad Laboratories, Hercules, CA). Based on the measured concentration, an equal amount of protein was placed into each well, separated by electrophoresis, and transferred to a nitrocellulose membrane [39] . The efficiency of the protein transfer was assessed by Ponceau S staining before the membrane was blocked with milk. The following specific primary monoclonal antibodies were used at the dilutions recommended by the manufacturers to determine the expression levels of each protein: rabbit antibodies against JARID1B (KDM5B) diluted 1:100 (Bioss Antibodies, Woburn, MA), protamine diluted 1:250 (Sigma-Aldrich, Darmstadt, Germany), and SPACA3 diluted 1:1000 (OriGene, Rockville, MD); and mouse antibodies against beta-actin diluted 1:300, gamma-actin diluted 1:100, alpha-actinin-1 diluted 1:100, alpha-actinin-4 diluted 1:100, and beta-tubulin diluted 1:100 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Biotinylated goat antibodies were used as the secondary antibodies to detect rabbit IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) and mouse IgG (Sigma-Aldrich) at dilutions of 1:10, 000 and 1:20, 000, respectively. Afterwards, all membranes were treated with a solution of streptavidin conjugated with horseradish peroxidase (Sigma-Aldrich) that was diluted 1:10, 000. Protein bands were detected using 3, 3′-diaminobenzidine (Merck, Burlington, MA). ImageJ software was used to analyze the obtained data. Determination of mRNA content using quantitative PCR Total RNA was isolated from frozen sperm and testis tissue using the RNeasy Micro Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions for a subsequent targeted analysis of the mRNA content of the genes encoding a number of cytoskeletal proteins and spermatozoid-specific proteins. Reverse transcription was performed using d(T) 15 , and 50 ng RNA for sperm and 500 ng RNA for testis tissue were used as templates. The abundance of the resulting cDNA was measured. To avoid artifacts, all samples were analyzed with at least three replicates. Real-time PCR was performed using primers designed using Primer3Plus software (Table 1) to assess the expression levels of the studied genes. The 2 −ΔΔCt method [40] was used to determine the expression level fold changes.
Statistical analysis
The protein and mRNA content data were statistically analyzed by analysis of variance and post hoc t-tests, and a significance level of p < 0.05 was applied to assess the reliability of differences between groups. Data are provided as the mean ± standard error.
Results
Testis mass
The weight of the left testis was not significantly different between reference groups C and CE, with weights of 259 ± 20 mg and 237 ± 23 mg, respectively. After the antiorthostatic suspension, as well as after the 12-h recovery period, the weight of the left testis was 27% lower in the 30HS group (188 ± 18 mg) and 32% lower in the 30HS+12h group (177 ± 16 mg) compared with the weight in the C group (both p < 0.05). A similar decrease was observed in the suspension and recovery groups administered essential phospholipids, with decreases of 34% (30HSE group, m = 171 ± 21 mg) and 36% (30HSE+12h group, m = 165 ± 15 mg) compared with the weight in the C group (both p < 0.05). There were no significant differences between the suspension groups with or without the 12-h recovery period.
Sperm motility and morphology
The number of sperm decreased significantly (p < 0.05) by 45% in the 30HS group and by 51% in the 30HS+12h group compared with the reference group data (Fig. 2) . Moreover, the percentage of mobile sperm in these groups decreased more than 5-fold compared with that in the reference group.
The use of essential phospholipids resulted in a 34% increase in the number of mature spermatozoa in the CE group compared with the C group (p < 0.05). However, antiorthostatic suspension plus the administration of essential phospholipids with or without the 12-h recovery period did not result in a decrease in the number of mature spermatozoa. It should be noted that in the 30HSE group, the decrease in the percentage of mobile spermatozoa was similar to that in the 30HS group. Nevertheless, the spermogram parameters in the 30HSE+12h group did not differ from those in the reference group.
Motility parameters were normal and similar for all studied groups. The proportion of progressively motile spermatozoa was 31.2 ± 2.9% in the C group, 32.1 ± 2.8% in the 30HS group, 30.5 ± 2.6% in the 30HS+12h group, 33.0 ± 3.0% in the CE group, 32.3 ± 2.7% in the 30HSE group, and 31.4 ± 2.2% in the 30HSE+12h group. In all studied groups, the percentages of viable spermatozoa and spermatozoa with normal morphology were correlated with the number of mobile spermatozoa. Most of the morphological changes were observed in the head (double-headed spermatozoa, elongated/ circular head, misshapen head, and vesiculated acrosome), but we did not observe any changes in these distributions after unloading in comparison with the control group ( Table  2) .
Sperm-specific protein and mRNA content in the sperm and testis tissue
The relative content of JARID1B remained at the reference level in all groups, except for the 30HS group, in which it was 15% higher than in the reference group (p < 0.05) (Fig.  3,A, B) . The protamine (Fig. 3C, D) and SPACA3 (Fig. 3E, F ) content remained unchanged in both spermatozoa and testis tissue after 30 days of antiorthostatic suspension and 12 h of recovery.
The relative Jarid1B mRNA content in the spermatozoa of the 30HS, 30HS+12h, and 30HSE groups was higher than the reference level by 114%, 101%, and 34%, respectively (p < 0.05) (Fig. 4A) . At the same time, the Jarid1B mRNA content in the spermatozoa of the reference groups C and CE as well as the 30HSE+12h group did not differ. Similarly, in the (Fig. 4B) , the relative Jarid1B mRNA content in the 30HS, 30HS+12h, and 30HSE groups was 187%, 101%, and 54% higher than the reference level, respectively (p < 0.05), while the Jarid1B mRNA content in the C, CE, and 30HSE+12h groups did not differ.
Relative to the corresponding levels of the C group, the Prm1 mRNA content in the spermatozoa (Fig. 4C ) and the testis tissue (Fig. 4D ) of the 30HS group was 80% and 59% lower, respectively (both p < 0.05), and they recovered to the reference levels after 12 h of recovery (30HS+12h group). In the groups administered essential phospholipids, the dynamics were the same, but the content in the reference CE group was lower than in the C group by 32% and 28% in the spermatozoa and testis tissue, respectively (both p < 0.05).
Similar to the Prm1 mRNA content, the relative Spaca3 mRNA content decreased by 46% in the spermatozoa (Fig. 4E) and by 31% in the testis tissue (Fig. 4F ) after 30 days of suspension (30HS) (both p < 0.05), and after 12 h of recovery (30HS+12h), the levels 
recovered to the reference levels. The relative mRNA content was 37% lower in the spermatozoa and 23% lower in the testis tissue in the CE reference group compared with the C group (both p <0.05). In the 30HSE suspension group, the Spaca3 mRNA content increased to the reference level in the spermatozoa (Fig. 4E) and exceeded the reference level by 31% in the testis tissue (p < 0.05) (Fig. 4F) . In the 30HSE+12h group, the Spaca3 mRNA content in the spermatozoa decreased to the level of the CE group, while in the testis tissue, it decreased to the level of the C group.
Relative cytoskeletal protein content in sperm and testis tissue
The relative content of the actin isoforms ACTB (Fig. 5A) , ACTG (Fig. 5B) , and the actinbinding protein ACTN1 (Fig. 5C ) remained the same in the spermatozoa of all study groups. The content of another actin-binding protein, ACTN4 (Fig. 5D ), tended to increase by 13% in the 30HS+12h group compared with the C group (p < 0.1), while in groups administered essential phospholipids, it remained the same.
In the testis tissue, the relative content of the actin isoforms ACTB (Fig. 6A) and ACTG (Fig. 6B) was the same. The same was true in the spermatozoa. The ACTN1 (Fig. 6C ) content was 17% higher in the 30HS group than in the C group (p < 0.05), and after 12 h of recovery, the level had decreased to the reference level. In contrast, the ACTN4 content (Fig. 6D ) in the 30HS group was 20% lower than the reference level (p < 0.05), and increased to the reference level after 12 h of recovery. In groups administered essential phospholipids (30HSE and 30HSE+12h), the relative content of ACTN1 and ACTN4 did not differ from the reference levels.
The relative beta-tubulin content was similar in the reference C group and the reference group administered the essential phospholipids, CE. In the 30HS group after the 30-day suspension and in the 30HS+12h group after the 30-day suspension with a subsequent 12-h recovery period, the beta-tubulin content decreased by 19% and 22%, respectively (p < 0.05). In the similar groups administered essential phospholipids, 30HSE and 30HSE+12h, the beta-tubulin content decreased by 27% and 33%, respectively (p <0.05) (Fig. 7A) . In the testis tissue, the relative beta-tubulin content did not change in any of the experimental groups (Fig. 7B ).
Relative mRNA content of genes that encode cytoskeletal proteins in sperm and testis tissue
The relative beta-actin mRNA content remained the same in the spermatozoa (Fig. 8A ) and testis tissue (Fig. 8B ) in all study groups.
The relative gamma-actin mRNA content did not differ between the spermatozoa of the 30HS group and those of the C group, while it was 54% higher in the spermatozoa of the 30HS+12h group than in the spermatozoa of the C group (p < 0.05). In the groups administered essential phospholipids (CE, 30HSE, and 30HSE+12h), the Actg mRNA content remained the same and did not differ from that of the C group (Fig. 8C) . There was no change in the relative gamma-actin mRNA content in the testis tissue (Fig. 8D) . 
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The Actn1 mRNA content in the spermatozoa of the 30HS group was 47% higher than that of the C group (p < 0.05), and in the 30HS+12h group, it was 52% higher (p < 0.05). In the spermatozoa of the CE, 30HSE, and 30HSE+12h groups, the Actn1 mRNA content was not significantly different, although it was 39%, 41%, and 31% higher, respectively, than in the spermatozoa of the C group (all p < 0.05) (Fig. 8E) . In the testis tissue in the 30HS group, the Actn1 mRNA content was 194% higher than in the reference group (p < 0.05), and after 12 h of recovery, it significantly decreased, although it still exceeded the reference level by 92% (p < 0.05) (Fig. 8F) . As in the spermatozoa, the Actn1 mRNA content was not significantly different in the testis tissue of the CE, 30HSE, and 30HSE+12h groups, but was 94%, 89%, and 91% higher, respectively, than in the testis tissue of the C group (all p < 0.05).
The relative Actn4 mRNA content in the spermatozoa (Fig. 8G ) and testis tissue (Fig. 8H ) of the 30HS group did not differ from that of the C group. In the 30HS+12h group, it was 89% higher than the reference level in the spermatozoa and 88% higher than the reference level in the testis tissue (both p < 0.05). In the spermatozoa of the CE, 30HSE, and 30HSE+12h Cellular Physiology and Biochemistry groups, the Actn4 mRNA content was the same as that in the spermatozoa of the C group (Fig.  8G) . The Actn4 mRNA content was 38%, 36%, and 42% higher in the testis tissue of the CE, 30HSE, and 30HSE+12h groups, respectively, than in the testis tissue of the C group (all p < 0.05) (Fig. 8H ).
In the spermatozoa of the suspension and subsequent recovery groups, the relative beta-tubulin (Tubb2b) mRNA content was lower than the reference level (the levels in the C and CE groups did not differ) by 52% in the 30HS group, by 48% in the 30HS+12h group, by 49% in the 30HSE group, and by 46% in the 30HSE+12h group (all p < 0.05) (Fig. 8I) . There was no change in the testis tissue, except in the 30HS+12h group, wherein the beta-tubulin mRNA content exceeded the reference level by 81% (p < 0.05) (Fig. 8J) .
Discussion
Investigations into the effects of microgravity on the structural and functional states of sex cells and germinal tissue cells can help elucidate the effects of gravity on embryogenesis and the early development of animals. Therefore, in this study, we evaluated the cytoskeletal protein content and associated mRNA levels in the spermatozoa and testes of mice after a 30-day simulation of the effects of microgravity through antiorthostatic suspension, during which time, some of the mice were orally administered essential phospholipids. In addition, the resulting spermogram required the determination of the mRNA and protein content at different stages of spermatogenesis.
Testis weight and spermogram
After 30 days of antiorthostatic suspension, testis weight decreased and did not recover after 12 h. These changes could be caused by the combined effects of many factors, such as a lack of blood supply to the genital organs, primarily due to shifts in the fluid volume of the body in the cranial direction [41] , as well as a change in hormonal regulation due to steroid hormones (testosterone) and gonadotropins (luteinizing hormone [LH] and folliclestimulating hormone [FSH] ). However, the influence of the latter factor is unlikely because the 6-week suspension of male rats resulted in decreased testis weight and spermatogenesis; however, the levels of hormones controlling spermatogenesis (testosterone, FSH, and LH) remained within normal limits [27] .
Nevertheless, our results also indicated that administering essential phospholipids may prevent a decrease in spermatogenesis. On the one hand, such a decrease may be due to an increase in apoptosis, which was observed after 7 days of antiorthostatic suspension [42] . On the other hand, a decrease in the number of mature spermatozoa may be associated with a change in the mRNA and protein levels of genes that control the differentiation of progenitor cells or the increase in apoptosis. Therefore, we estimated the relative protein and mRNA contents of the genes that were expressed at specific stages of spermatogenesis (genes encoding JARID1B for spermatogonia, protamine for spermatids, and SPACA3 for mature spermatozoa).
Sperm-specific proteins and their expression levels
The histone demethylase that demethylates "Lys-4" of histone H3, namely PLU-1/ KDM5B/JARID1B, is expressed in various cell types such as hematopoietic stem cells [43] , neural precursors, and embryonic stem cells [44] . Moreover, it is highly expressed in the mitotic spermatogonia [45, 46] . That is why we estimated its content as a marker of spermatogonia stem cells. Genes with expression levels stimulated by the JARID1B protein are involved in the maintenance of proliferation processes and the suppression of the expression of the genes responsible for terminating the cell cycle. It is believed that the differentiation of spermatogonia into spermatocytes is associated with the inactivation of the Jarid1B gene [47] . Our findings indicate that the JARID1B protein and associated mRNA content is higher after antiorthostatic suspension than in the reference group. This suggests there is a Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry decrease in the cell differentiation potential and a cell cycle arrest in spermatogonia, which in turn, can lead to the decrease in the number of mature spermatozoa that we observed in the 30HS group. In this case, after 12 h of recovery, their expression levels returned to the reference level. We used protamines as spermatid markers [48] . Protein content remained unchanged in all study groups, but the relative mRNA content decreased in the suspension groups and was restored to the reference level after a 12-h recovery period. We can assume that such regulation is carried out at the translational level, apparently contributing to the normalization of the protein pattern because of its exceptional physiological effects. Protamines are necessary for the high packing density of chromosomes, which minimizes the size and improves the hydrodynamic properties of the mature spermatozoon [48] . A decrease in the protamine content can be extremely important in early embryogenesis, leading to the formation of an abnormal pattern of gene expression, because it is assumed that after the fusion of the gametes, only genes with promoters and enhancers linked to histone proteins are initially expressed [49, 50] . Thus, these results suggest that the chromatin structure may be changed in response to antiorthostatic suspension. It is well known that under conditions of real space flight and various microgravity models, oxidative stress occurs due to the accumulation of reactive oxygen species and nitrogen oxide [51] . In turn, oxidative stress is one of the most well-studied factors leading to chromatin damage in spermatozoa [52, 53] , especially if the hormone concentrations are stable, there is a lack of toxic effects, and so on. Nevertheless, we did not observe a redistribution of morphological abnormalities after suspension, and the proportion of spermatozoa with an abnormal head did not differ in all study groups. However, we considered all spermatozoa with an abnormal head, without evaluating the proportion of double headed spermatozoa, misshapen heads, etc. Thus, an increase in the number of spermatozoa with damaged chromatin was not excluded. However, this hypothesis can only be confirmed by an explicit evaluation of the integrity of the chromatin (for example, by using the TUNEL method and HALO-SPERM method).
As well as protamines, sperm lysozyme-like protein 1 (SLLP1, SPACA3) contributes greatly to fertility. It participates in the fusion of gametes [54] and could be a marker of mature spermatozoa. The relative abundance of the SPACA3 protein, which is localized in the acrosomal vesicle of mature spermatozoa, was unchanged in all study groups. At the same time, its mRNA content decreased in the 30 HS group but was restored to the reference level after a 12-h recovery. This supports the hypothesis that the regulation may occur at the translational level.
Thus, the spermogram was correlated with the changes in the protein and mRNA content of the corresponding genes, the expression levels of which were typical for various stages of spermatogenesis; however, the reasons for such changes and, especially, the reasons for the recovery of the expression to reference levels after 12 h of recovery remain unclear. It can be assumed that a change in the orientation of the genital organs in the field of gravity and fluid shift, as well as the consequent change in the external mechanical stress, can result in an intracellular response and, therefore, a change in the gene expression pattern.
Previously, we assumed that the initial acts of mechanotransduction may be associated with the dissociation of the actin-binding proteins from the cortical cytoskeleton, such that with a decrease in external mechanical stress, alpha-actinin-4 may migrate, and in the case of an increase, alpha-actinin-1 may migrate. On the basis of the above evidence, we decided to evaluate the content of various cytoskeletal proteins and the associated mRNA.
mRNA and protein expression levels of cytoskeletal genes
The total beta-and gamma-actin protein content, as well as the mRNA content of the corresponding genes, did not change significantly relative to the levels in the postsuspension and recovery reference groups. However, the abundance of the actin-binding proteins and, especially, the mRNA content of the corresponding genes did change. In the testes, the alpha-actinin-1 protein content after suspension was higher than in the reference group and decreased after a 12-h recovery period, as did the content of the corresponding mRNA. Conversely, the alpha-actinin-4 protein content decreased after suspension and then increased to the reference level after a 12-h recovery period. In the spermatozoa, an increase in the alpha-actinin-4 protein content was observed only after a 12-h recovery period; however, changes in the mRNA content of actin-binding proteins were similar to those observed in the testes. Alpha-actinin-4 interacts with the focal-adhesive complex, ensuring it is connected to the actin cytoskeleton [55] . This connection supports the activity of the focaladhesive kinase, which provides the acrosome the integrity necessary for capacitation [56] . Consequently, changes in the alpha-actinin-4 content in spermatozoa can have significant consequences for their fertilization ability. At the same time, there was no change in the tubulin cytoskeleton in the testes as well as in other types of cells during changes in gravity [36] . In contrast, in the spermatozoa, there were decreases in the protein and mRNA content that did not recover after a 12-h recovery period. A decrease in the tubulin content can result in problems with the differentiation of male germ cells because tubulin participates in the formation of the cleavage spindle during cell division [57] , which, along with changes in the expression patterns of the sperm-specific genes, can result in a shift of the cellular profile towards immature forms. In addition, a decrease in the number of tubulin molecules can cause the formation of defective microtubules in the tail of the spermatozoon and lead to defective motility, as well as the disruption of the acrosomal reaction during fertilization [58] . However, we did not observe any changes to the motility characteristics (about 30-35% of spermatozoa exhibited progressive motility) or the redistribution of tail morphology abnormalities. We suggest that decreasing tubulin content was compensated by an increase in the efficiency of microtubule assembly in the axonema of the sperm tail, possibly at the expense of other cellular structures. This is only a suggestion and needs to be supported by direct evidence of changes in spermatozoon structure, especially the flagellum (maybe by electron microscopy).
It should be noted that the changes in the actin-binding protein content were more pronounced in the testis tissue than in the spermatozoa. Minor changes in the spermatozoa, with the exception of changes in tubulin, can be associated with a fundamentally different cell structure that is significantly more compact and, as a consequence, less susceptible to changes in external stress from a mechanical point of view. At the same time, an analysis of testis tissue revealed different types of cells. Most of these cells have developed cortical cytoskeletons and normal cytoplasm volumes, which may result in the dissociation of the actin-binding proteins and the initiation of intracellular signaling pathways to form the observed adaptive pattern of gene expression.
Effect of the administration of essential phospholipids
Administration of the essential phospholipids can lead to a decrease in the cholesterol content of different cell types [59] . It is well known that the cholesterol content in the lipid microdomains of plasma membranes (rafts) can modify the activity of ionic channels and the organization of the actin network [60] [61] [62] [63] [64] [65] [66] [67] [68] . Furthermore, a decrease in the cholesterol raft content in the membrane can result in a change in the ratio between the proteins anchored in the membrane and the proteins in the cytoplasm [69] [70] , with a significant effect on the expression of the genes encoding them. Thus, it can explain a phenomenon we observed in muscle cells [36] as well as in this study. Specifically, the relative content of mRNAs corresponding to the actin-binding proteins was higher in the reference group administered the essential phospholipids than in the reference group not administered the essential phospholipids.
Our previous measurements [36] showed that even unsaturated phosphatidylcholines (such as lecithin) can decrease the cytochrome c content in the cytoplasmic fraction. Such a decrease may lead to a decrease in apoptosis [72] . The administration of essential phospholipids prevented changes in the JARID1B protein content and decreases in the spermatozoa count after hindlimb unloading, maybe due to a decreasing apoptosis level. However, the use of phospholipids did not prevent the decrease in motility, viability, and proportion of spermatozoa with normal morphology after suspension, but these parameters Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry were restored after 12 h of recovery. Because most morphological changes are associated with spermatozoon head abnormalities (especially vesiculation of the acrosome), we can assume that a rapid recovery within 12 h may be associated with the altered phospholipid composition of the sperm membrane. Additionally, Spaca3 expression increased in the 30HSE group instead of decreasing like in the 30HS group. It should be noted that the acrosomal reaction in mammals, which is mediated by SPACA3, is impossible without capacitation, one of the stages in which the cholesterol content in the sperm membrane decreases [73, 74] . Despite the increasing spermatozoa count following the administration of essential phospholipids and a very short recovery period after gravitational unloading, we cannot say anything about their fertilization ability. However, it should be mentioned that strong evidence might be obtained from an experiment that estimates the acrosome reaction (for example, by acrosome reaction ionophore challenge) and zona pellucida binding.
Conclusion
The results obtained in this study indicate that following a 30-day antiorthostatic suspension and 12-h recovery, there were practically no changes in the expression patterns of cytoskeletal proteins and sperm-specific proteins in the spermatozoa of mice, except for a decrease in the tubulin protein content and an increase in the JARID1B protein content after the suspension. However, the relative mRNA content of the genes encoding cytoskeletal proteins and sperm-specific proteins did change. These data suggest that the regulation of protein expression patterns in spermatozoa under the conditions of a modified external mechanical field is mainly carried out at the translational level. In general, we observed multidirectional changes in the actin-binding protein content (alpha-actinin-1 and alphaactinin-4) in the testes that were similar to those for other types of cells. The oral administration of phospholipids helped to prevent these changes and restore the spermogram parameters to the normal range within 12 h; however, in the reference group, the administration of phospholipids resulted in an increase in the expression of cytoskeletal genes, a phenomenon that requires additional investigation. In addition, the oral administration of phospholipids leads to an increase in the number of spermatozoa in control mice, which also requires further study.
Limitations of this study were related to the phospholipid effects on spermogram parameters and sperm-specific gene expression. The rapid recovery of spermogram parameters within 12 h after a 30-day antiorthostatic suspension with phospholipids being administered should be characterized further in future studies focused on the chromatin state and fertilization ability of spermatozoa in general.
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